A novel theoretical and experimental approach for lifetime modelling of MCrAlY coatings for stationary gas turbines has been undertaken using the Inverse Problem Solution (IPS) technique. With this technique feasible experimental data acquired after a defined experimental time τ e are used as input values for the model parameters estimation. In the first stage of the approach a model, based on the oxidation and diffusion processes (Fick's first and second law) was assumed, which considers the Al concentration profile across the coating. The measured average Al concentration profiles in the two-phase γ+β and γ -regions of coating as well as base metal were used as input values for the model parameters estimation and calculational prediction of the long term diffusion and oxidation behavior of the coating was performed. The time, when the β-NiAl phase is completely consumed was assumed as the coating lifetime end. Exposure experiments were carried out with a NiCoCrAlY coating (200 micron thickness) with 8% Al in air at 900 °C and 950 °C, currently up to 10000 h. The oxide scale is growing continuously and no other oxides were observed. The average and β-NiAl phase concentration profiles of Al across the coating thickness were determined by electron microprobe and image analysis systems in the initial state after 700 and 10000 h of oxidation. The concentration profile measured after 700 h was used as input values for the model parameters estimation in order to calculate the Al and β-NiAl phase concentration profiles after 10000 h. The computational forecast for 10000 h at 950 °C and 900 °C are in good agreement with the measured data. The approach was applied for NiCoCrAlY (200 micron thickness) coating lifetime modelling at 950 °C and 900 °C as well as for different coating thicknesses at 950 °C.
Introduction
In modern stationary gas turbines for electric power generation MCrAlY type coatings are used world-wide for protective overlay coatings against oxidation (M comprises Ni and/or Co) 1, 2 . In future developments higher gas inlet temperatures are envisaged for a further increase of the turbine efficiency and for more economic use of the energy resources. Higher temperatures however, lead to a significantly increased oxidation attack and accelerated diffusion processes at the coating -substrate interface 1 .
The technological developments in stationary gas turbines for electric power generation as well as strengthened safety requirements for their operation imply the necessity of reliable lifetime prediction procedures for MCrAlY coatings. The reliability of such a lifetime prediction procedure however, depends not only on the applicability of the physical and mathematical model, on which it is based, but furthermore on the feasibility of the determination of the modelling parameters in practice. The latter is at least of equal importance as an applicable model of the oxidation and diffusion processes in an MCrAlY coating.
In the case of the MCrAlY coatings the protection against oxidation is achieved by the formation of a thin Al 2 O 3 layer on the coating surface. The Al, which generally is found as a β-NiAl phase in the coating, is consumed by both Al 2 O 3 formation at the surface and by interdiffusion at the substratecoating interface, producing aluminium depletion zones that increase with time and temperature. When the β-NiAl phase is completely consumed and the Al concentration reaches a critical minimum value, other oxides like Cr 2 O 3 and/or spinels may form besides the protective alumina, leading to internal oxidation 1 . The time, when the β-NiAl phase is completely consumed is assumed as a coating lifetime end.
So, the long term modelling of Al oxidation and diffusion processes in MCrAlY coatings until the β-NiAl phase disapears is the main object of the coating lifetime end estimation.
There are models which describe the main physical and chemical processes during the oxide scale and depletion zones formation based on the Fick's first and second laws 3, 4 and deliver therefore reliable prediction of the oxidation and diffusion processes. For a reliable quantitative application of latter models however, parameters must be known, which are needed for the calculation. Such parameters are for example diffusion coefficients of the oxide forming element and the kinetic rate constants for the oxide formation. For the modelling and lifetime prediction reported in 5 for instance, special experiments and calculation techniques were used for the determination of the diffusion coefficients in Ni-Cr-Al alloys at 1100 and 1200 o C. Furthermore, experiments had to be carried out to determine the rate constants of the Al 2 O 3 formation.
The main innovative aspect of the approach described in the present work is the application of the Inverse Problem Solution technique (IPS) to determine the quantitative values of the model parameters. In the case of the lifetime modelling of MCrAlY coatings only the concentration profile of Al across the coating thickness measured after a defined time τ e of exposure is needed as input values (Fig. 1) . All model parameters needed for the modelling like the effective diffusion coefficients are then determined by the IPS technique and used for the forecast calculation. Thus the IPS technique allows an economic quantitative lifetime modelling, which is easily feasible in practice, and enables long-term prediction using experimental data from short exposure times, supposed that no change in the relevant mechanisms occurs.
Modelling Approach
A typical transversal concentration profile of an oxideAl forming element in the coating near region of the base alloy is shown schematically in Fig. 2 4 . In the case of the MCrAlY coatings the protection against oxidation is achieved by the formation of a thin Al 2 O 3 layer on the coating surface (x 1 -x 0 ). The Al, which generally is found as a β-NiAl phase in the coating, is consumed by both Al 2 O 3 formation at the surface and by interdiffusion at the substrate -coating interface, producing aluminum depletion zones that increase with time and temperature.
A physical and mathematical model considering the Al concentration profile across the coating was applied according to 4 . In our case we used the above mentioned model with an effective diffusion coefficient of aluminum D Al . In Fig. 2 C γ+β is the average aluminum concentration in the twophase γ+β -region, C γ is the interfacial concentration of aluminum at the γ / γ+β interfaces. C γ+β is determined by the volume fraction and the equilibrium concentration of each phase in the two-phase region 4 . The physical model takes into account that during the oxidation the oxide surface x 0 moves outwards, while the boundaries x 1 move inwards into the coating alloy, x 2 and x 3 move towards each other. Time, when the β-NiAl phase is completely consumed, may be assumed as a coating lifetime end. The modern models for modeling the oxidation and diffusion processes in MCrAlY coatings (Fick's first and second law) like mentioned above usually can't be used with good accuracy for lifetime prediction due to unknown model parameters for the complicated MCrAlY coating compositions. The physical and mathematical model under consideration comprises three kind of input data, which must be known for the prediction of the oxidation and diffusion processes: the D Al effective diffusion coefficient of aluminum, the C γ interfacial concentration of aluminum at the γ / γ+β interfaces and oxide scale growth low.
Lifetime Prediction by Inverse Problem Solution (IPS)
The main innovative aspect of the approach described in the present work is the application of the Inverse Problem Solution technique (IPS) to determine the quantitative values of the model parameters. This technique was considered in 6, 7 for modeling a single-phase coatings. In the case of the lifetime modeling of MCrAlY coatings the concentration profile of Al across the coating thickness measured after a defined time τ e of exposure to temperature is needed as input value only. All model parameters needed for the modeling like D Al are then determined by the IPS technique and used for the predictive calculation. Thus the IPS technique allows an economic quantitative lifetime modeling, which is easily feasible in practice, and enables long term prediction using short time experimental data, supposed that no change in the relevant mechanisms occurs.
The approach (Fig. 3) , where P = P(D Al , C γ ) is the unknown model parameter vector, C j,M and C j,E are the calculated and measured Al concentrations at the j th measuring point of the concentration profile at a given position x, time τ and temperature T, m is the number of the measuring points, δ is the average square root error. The fit procedure of the model parameters is iterated until F reaches the given limit of δ, which is 0.8% in the present case.
For performing the lifetime modelling approach by Inverse Problem Solution with the selected MCrAlY coating the following assumptions were considered:
• One alloying element only, in the present case the aluminium, forms the oxide scale.
• Oxidation and diffusion mechanism and model parameters do not vary with the time.
• The oxide scale formation occurs at the boundary x 1 .
• The diffusion coefficients of the Al alloying element 
Experimental
Exposure experiments were carried out for a 200 micron NiCoCrAlY coating thickness with 8% Al in air at 900 and 950 °C. The oxide scale growth low was obtained from Figure 3 . Scheme of computational and experimental approach for oxidation and diffusion processes prediction using the IPS method experiment with approximation of the experimental data as a two parabolic curves (see Fig. 4 ). The oxide scale is growing continuously and no other oxides were observed. The Al concentration profile (weight %) across the coating and base metal was determined by electron microprobe analysis after 700 h (Fig. 5 ) and 10000 h (Fig. 6) . β-phase concentration profile (volume %) was determined by an optical image analysis system.
Results
The measured concentration values C jE (Al total concentration) after 700 h (Fig. 5) A prediction for 10000 h was calculated with the model 4 using model parameters estimated from the data after 700 h and compared with the experimentally obtained Al concentration profile (Fig. 6 ). Figure 7 gives predicted and measured beta phase concentrations during oxidation. The time ≈24000 h means coating lifetime end at 950 °C. The time ≈72000 h is coating lifetime end at 900 °C. The calibrated model with the ISP technique also allows the beta phase life prediction for various coating thicknesses during oxidation (see Fig. 8 ). 
Conclusions

